The light centroid shifts caused by microlensing due to intervening stars for given source objects is investigated, and their relevance to the upcoming astrometric space missions, such as SIM and GAIA, are discussed. It turns out that, despite the effect of the sun and the planets, the dominant contribution comes from the stars in the galactic disk. The probability that a disk star introduces a centroid shift larger than 0.7 µas at a given time reaches 100 % for a source towards the Baade's window, while this probability is ∼ 2 % for a centroid shift larger than 10 µas. However, this contribution of disk stars to the centroid shift is not likely to vary much during the observation time of a typical photometric microlensing event; so it is possible to unambiguously observe the variation of the centroid shift by the lens object which lead to the photometric signature. On the other hand, a survey using astrometric detection can be used to infer information about the disk stars, a population to which the photometric microlensing surveys are insensitive. For a bulge star towards the Baade's window, the probability for a variation larger than 5 µas within one year is ∼ 10 −3 , i.e. much larger than any probability for photometric microlensing. If one also requires a peak in the centroid shift (i.e. a peak in the component transverse to the motion between lens and source and a change of sign in the component parallel to it), this probability is ∼ 10 −4 .
Introduction
It is known for more than one decade (Paczyński 1986 ) that the nature of matter between the observer and the observed star can be studied by observing brightenings of a large number of source stars caused by the deflection of light by the intervening material. In addition to this magnification effect, there is also a shift in the light centroid of the observed star introduced by the lens object which can be observed with upcoming space missions such as the Space Interferometry Mission (Allen et al. 1997 ) and the Global Astrometric Interferometer for Astrophysics mission (GAIA, Perryman et al. 1998) . The Space Interferometry Mission is expected to have an angular resolution of 10 mas, and a positional accuracy down to 1 µas for point sources brighter than m v =20. The GAIA project is expected to perform astrometric measurements of 50 million objects brighter than 15th magnitude to an accuracy of 10 microarcsec, and a few million fainter sources to a lower accuracy.
It has been mentioned (Paczyński 1986; Boden, Shao & Van Buren 1998; Høg, Novikov & Polnarev 1995; Miyamoto & Yoshii 1995; Walker 1995) that the observation of this centroid shift for a given microlensing event will yield additional information about the lens object, so that its mass, distance, and velocity can be determined unambiguously. It has been pointed out that the microlensing cross-section for centroid shift measurements is much larger than the cross-section for light amplification (Paczyński 1996 , Miralda-Escudé 1996 . Hence it is interesting to look into the details of what happens if one starts with the centroid shift rather than with the brightening of the source object. There are two different views discussed in this paper concerning the centroid shifts introduced by intervening matter discussed in this paper: First, we discuss the question concerning whether intervening matter leads to additional centroid shifts (which may vary in time), which destroy the signal of the centroid shift associated with the lens belonging to a photometrically detected microlensing event. Second, the prospects for an astrometric microlensing survey are discussed.
In Sect. 2, the basic formulae of photometric and astrometric microlensing are discussed, while in Sect. 3, the optical depths due to photometric and astrometric microlensing and the differences are discussed. In Sect. 4, the results of Sect. 3 are applied to the disk stars. Sect. 5 discusses the centroid shift as a function of time. Sect. 6 discusses the detectability of centroid shift events which show a peak while Sect. 7 discusses the detectability due to variation. In Sect. 8, the results of the previous sections are discussed and summarized.
Photometric and astrometric microlensing
Though the magnification of the source object and the shift of its centroid of light are based to the same effect, there are some qualitative differences.
Let the source object be located at the distance D S from the observer and the lens with mass M at a distance 0 < D L < D S from the observer. Let ϕ denote the angular separation between lens and source.
The magnification of the source due to the deflection of the lens is then given by (e.g. Paczyński 1986)
where
is the angular Einstein radius. The Einstein radius
gives the physical size of the angular Einstein radius in a plane perpendicular to the line-of-sight observer-source at the position of the lens object (lens plane).
For u ≪ 1, one has
and for u ≫ 1, one has
so that for large angular separations, the lensed star produces a magnitude shift of ∆mag = − 5 ln 10 u 4 .
The absolute centroid shift of the source object for a dark lens given by
so that the centroid shift falls off much more slowly than the magnitude shift towards larger u. The absolute centroid shift has a maximum
for u = √ 2.
For a luminous lens which is not resolved from the source where
is the ratio between the lens and the (unlensed) source luminosities, the centroid shift relative to a source at rest is (e.g. Boden, Shao, and VanBuren 1998) δ S (u) = u 1 − gu √ u 2 + 4 u 2 + 2 + gu √ u 2 + 4 θ E .
However, if one subtracts the proper motion of the apparent 'source' object, i.e. the centroid of light composed by source and lens, one obtains the observed centroid shift due to lensing as
= u 1 + g 1 + g u 2 − u √ u 2 + 4 + 3 u 2 + 2 + gu √ u 2 + 4 θ E ,
This limit corresponds to K = θ E /δ T ≫ 1 and
so that the optical depth for centroid shifts larger than δ T can be written as
For f M (M ) dM being the distribution of lens masses, τ
is the average mass from the mass spectrum f M .
Contrary to photometric microlensing, small distances between observer and lens are favored, so that disk stars give the main contribution. In addition, large distances between observer and lens are disfavored compared to photometric microlensing (see Fig. 1 ). So, while the bulge stars and the LMC stars may play an important role in the photometric microlensing towards the bulge (Kiraga & Paczyński 1994 and the LMC (Sahu 1994) , respectively, they play a much less important role in the astrometric microlensing.
From the expression for the optical depth τ (0) δ (Eq. 22), one sees that a probability density for a lens yielding to a deflection above a given threshold at any time is given by
so that the expectation value for the lens distance is given by
For constant mass density ρ(x) = ρ 0 , one obtains
while for an exponential fall-off
one obtains <x>= s 2 + 2s(e −s − 2) + 6(e −s − 1) s 3 − 2s 2 + 2s(1 − e −s ) ,
which gives for s ≫ 1
so that <D L >= H ,
i.e. the expectation value of the lens distance is equal to the scale length of the exponential mass distribution.
The optical depth for astrometric microlensing by disk stars
Since large contributions to the optical depth of astrometric microlensing are expected for small distances between lens and observer, the disk stars are expected to play the most important role regardless of where the source star is located. 1 Let us assume a mass density profile of the form ρ(R, z)
where R measures the radial position outwards from the galactic center, z gives the coordinates perpendicular to the Galactic plane, R 0 is the radial position of the sun, ρ 0 is the local density of disk stars, d and h are scale lengths in the galactic plane and perpendicular to it, where ρ 0 ∼ 0.08 M ⊙ pc −3 , d ∼ 3.5 kpc , h ∼ 0.3 kpc .
For objects in the Galactic Bulge towards Baade's window, the mass density of the disk stars is approximately constant, so that one obtains 
Values for λ 0 for the reference values of M and ρ 0 , as well as values for τ
δ,0 for D S = 8.5 kpc are shown in Table 1 
one sees that τ
δ ≫ 4τ µ (1) and therefore the approximation τ δ ≈ τ (0) δ is justified.
If one looks perpendicular to the Galactic plane, the optical depth becomes
where s = D S /h. The evaluation of the integral yields 
For s ≫ 1,
so that for D S ≫ h one obtains τ
δ,⊥ ≃ 3λ 0 h ,
so that the optical depth measures the scale length h, and for fixed h this is the upper bound for τ
δ,⊥ . For s ≫ 1,
which reveals the result for constant ρ
δ T /µas λ 0 /kpc
0.7 0.12 1.0 1 6.5 · 10 −2 0.55 10 6.5 · 10 −4 5.5 · 10 −3 100 6.5 · 10 −6 5.5 · 10 −5 
while for h = 1 kpc, one obtains τ
δ,⊥ = 2.9λ 0 kpc .
For a general direction characterized by the ecliptic latitude and longitude (b, l), one has
and R = R 0 1 + x 2 y 2 cos 2 b − 2xy cos b cos l ,
where y = D S /R 0 . For b = ±π/2 (towards the Galactic poles), one obtains R = R 0 , while for l = 0 (towards any latitude towards the Galactic center), one obtains R = R 0 |1 − xy cos b|, so that for b = l = 0 (towards the Galactic center), R = |R 0 − xD S |.
Centroid shift as a function of time
Having found that it is likely that disk stars shift the observed light centroid by more than ∼ 1 µas, let us now look how this centroid shift varies with time, i.e. consider a variation in the angular separation between lens and source. Assuming the lens to be dark, the change in the centroid shift is given by dδ
which gives for u ≫ 1 dδ du
or expressed with ϕ
i.e. the change of the deflection with the distance falls off one power faster than the deflection itself, however, 2 powers slower than the shift in magnitude. With
one gets dδ dt = dδ dϕ
For D S ≫ D L , the angular Einstein radius θ E reads
and the time in which the angular separation between lens and source changes by θ E is given by
This means that for a close encounter at a minimal distance of 1θ E , one has still a centroid shift of ∼ 2 µas at a time t = 1000 t E ∼ 100yr after the closest encounter, a centroid shift of ∼ 20 µas at a time t = 100 t E ∼ 10yr, and a centroid shift of ∼ 200 µas at a time t = 10 t E ∼ 1yr, where the magnitude shift is only of the order of 10 −4 .
If one neglects the parallactic motion, the relative path between lens and source being a straight line, so that the distance vector u is given by
where ϕ L and ϕ S denote the angular positions of the lens and source respectively. Let the closest separation between lens and source occur at time t 0 , where | u| = u 0 . One then obtains
and with µ LS being the relative proper motion between source and lens
The absolute value of the centroid shift then reads
and the components in the direction of the motion of the lens relative to the source δ and perpendicular to it towards the side where the lens passes δ ⊥ are
These functions are shown in Fig. 2 for several values of u 0 . While δ ⊥ is symmetric around p = 0 and always positive, δ is antisymmetric. δ has a maximum at p = p m,⊥ and a minimum at p = −p m,⊥ , where
and
For u 0 ≪ 1, one obtains
δ ⊥ reaches a maximum at p = 0, where the height of the peak is maximal for u 0 = √ 2, reaching δ ⊥ = δ max , and in general the peak height is
Since the absolute centroid shift has a maximum at u = √ 2, δ(u 0 , p) goes through a minimum at p = 0 for fixed u 0 < √ 2 and has two maxima at p = ±p m , where
i.e. u = u 2 0 + p 2 = √ 2, so that δ(u 0 , p m ) = δ max . Note that for u 0 ≪ 1, p m ≃ √ 2, so that p m ≃ p m,⊥ . For u 0 ≥ √ 2, δ has only one maximum at p = 0, where
Note that δ(u 1 , 0) = δ(u 2 , 0) for u 1 u 2 = 2.
For large |p|, δ ⊥ ∝ 1/p 2 , while δ ∝ 1/p, so that δ points nearly into the direction of the motion of the lens relative to the source for large p and against it for small p, so that the direction of the motion can be identified easily. It can also be identified easily by combining measurements of δ at p and at −p. Due to the symmetry of δ ⊥ and the antisymmetry of δ , the vector
points perpendicular to the motion towards the side where the lens passes and the vector
points into the direction of the motion of the lens relative to the source for p > 0 and against it for p < 0.
In (δ , δ ⊥ )-space, the centroid shift trajectory is an ellipse (e.g. Walker 1995) with semimajor axis a in the δ -direction and semiminor axis b in the δ ⊥ -direction centered at (0, b/2), where
For u 0 → ∞, this ellipse becomes a circle with radius 1/(2u 0 ), and for u 0 → 0, the ellipse degenerates into a straight line of length 1/ √ 2 (e.g. Walker 1995).
Peak events
As shown in the last section, the component of the centroid shift perpendicular to the angular motion of the lens relative to the source has a maximum for the smallest angular separation between lens and source and the component parallel to this motion changes sign, which gives a clear signature, which is referred to as a 'peak event' in the following.
Let the lenses move with a perpendicular velocity v ⊥ = D L µ LS relative to the line-of-sight observer-source. The probability that the closest approach between lens and source happens within a given time T obs yielding an event with a maximal centroid shift larger than a threshold δ T is then given by the area density of the lenses and the area corresponding to successful source positions with respect to one lens, i.e. a rectangle with sides 2 u T r E and v ⊥ T obs . Let γ peak denote this probability and
Note that the lens mass M has cancelled out and that there is no dependence on T obs , so that a constant event rate
is yielded.
For a constant mass density ρ(x) = ρ 0 , one obtains
Note that though the optical depth is rather large, the event rate is small, which is due to the fact that the source object is affected by the lens during a long time period.
For a mass density of the form ρ(x) = ρ 0 e −sx , where s = D s /h, one obtains
which yields for s ≫ 1 Γ peak,⊥ ≃ 2 Λ peak,0 h ,
As for the optical depth τ δ , the scale length h is measured, and 2 Λ peak,0 h is the upper bound for Γ peak,⊥ for given h and variable D S .
Variation during observation time
For the peak events considered in the last section, the value of the peak centroid shift had been used as criterion for detectability. However, since it may take a long time to decrease to zero centroid shift, the centroid shift observed within a finite observation time T obs can be substantially larger than zero, so that the observed variation of the centroid shift during T obs may fall below the given threshold δ T and is therefore undetectable. Therefore, the event rate derived in the last section for peak events corresponds to a maximum rate reached for T obs → ∞ and the real rate for finite-time measurements may be substantially smaller as shown in this section. However, there is no need for continuous observations over a long period of time, one can increase the observing time just by making additional measurements after several years.
In addition to cases where a maximum centroid shift above the threshold δ T is reached, but the variation in the centroid shift is below this threshold, the opposite thing can happen, i.e. the variation in the centroid shift can be larger than δ T without reaching the maximal value within T obs , i.e. a monotonous variation of the centroid shift is seen, which moreover points approximately into the same direction.
Note however, that the observed centroid of light also moves due to the proper motion of the source (and a luminous lens) and due to the parallactic motion and that these motions have to be corrected for. In fact, the centroid shift due to lensing can only be separated from the proper motion, which for u ≫ 1 can be many orders of magnitude larger, by detecting its different time behavior, so that the variation of the centroid shift has to be substantially larger than the detection limit of the instrument.
Let us investigate the change of centroid shift between two points of time separated by T obs . Let p 0 denote the value of p(t) in the middle between these points and
a centroid shift larger than a given amount δ T at a given time reaches unity for δ T ∼ 0.7 µas if one looks into a direction, where the mass density of the disk stars remains constant, while this probability is about 2 % for δ T = 10 µas. Though there is some chance that the centroid shift of observed microlensing events is disturbed by disk star lensing (a 2nd lens), this additional centroid shift is not expected to vary much during the observation time (∼ several months), so that the effect expected is a slightly wrong position and the variation of the centroid shift is determined only by the primary lens object.
However, it is also interesting to see what to expect if one starts a microlensing surveys looking at the centroid shifts rather than at the magnification of stars. As stated before, the largest centroid shifts come from nearby objects, so that this gives an opportunity to infer information about the disk stars. The probability that one observed star in the galactic bulge towards Baade's window shows a significant variation larger than 5 µas within one year is ∼ 10 −3 and therefore orders of magnitude larger than probabilities for photometric microlensing. The rate of events showing significant variation is proportional to the mass density of the disk stars, and for an exponential decrease of the mass density along the line of sight, it is proportional to the scale length in that direction if the source stars are at a distance of a few times the scale length or more. It practically does not depend on the mass of the disk objects. Among the events with significant variations, only a fraction will have the closest angular separation between lens and source within the observing time, which would result in an observed change of sign of the component of the centroid shift parallel to the relative proper motion between lens and source, and a maximum of the centroid shift component transverse to it. This fraction depends on the observing time, the mass of the objects, the proper motion between lens and source and on the considered threshold, so that additional statistical information is yielded which is helpful to decouple lens masses and proper motions.
A microlensing survey looking at centroid shifts would provide valuable information about total mass and scale lengths of the galactic disk. Upcoming Space Missions such as the SIM and GAIA are expected to provide very useful data to look for such centroid shifts due to microlensing.
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